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1. Introduction 
There are several indications that the acceptor 
chain of green photosynthetic bacteria is basically dif- 
ferent from that of purple bacteria. Like photosystem 
I, green bacteria are capable of direct photoreduction 
of pyridine nucleotides [ 1,2], a reaction that is depen- 
dent on a ferredoxin. Titrations of the ability to photo- 
oxidize cytochrome es53 indicate that the oxidation- 
reduction midpoint potential (E,) of the first stable 
acceptor is about -540 mV [3]. A membrane-bound 
iron-sulfur protein was reported in Chlorobium [4], 
with an Em of about -550 mV, low enough to be a 
component in the electron-transport chain on the 
reducing side of the light reaction. ESR measurements 
in [S] at low temperature suggested the photoreduc- 
tion of an iron-sulfur protein in ‘chromatophores’ of 
Chlorobium, but the experiments in [6] were at vari- 
ance with this conclusion. These ESR experiments, 
however, were seriously hampered by the extremely 
high absorbance of the preparations, which have a 
high antenna BChl to reaction center ratio. We have 
isolated the photochemically active photosystem pig- 
ment (PP) and reaction center pigment-protein 
(RCPP) complexes from Prosthecochloris aestuarii, 
with antenna BChl a to reaction center ratios of -75 
and 35, respectively [7]. In contrast to the membrane 
vesicle complex I [8,9], the PP complex could be con- 
centrated without aggregation of the sample. Thus, 
we were able to obtain concentrated samples of the 
PP complex with good optical properties, that were 
suitable for ESR work. 
This paper presents a study on the acceptor side of 
the reaction center of P. aesstuarii, by means of ESR 
and optical methods. Two distinct iron-sulfur centers 
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(X, and Xs) are identified, which appear to function 
serially as secondary acceptors in the electron-trans- 
port chain. Xz receives the electrons from an earlier 
reduced acceptor, which acceptor (X1) might be a 
porphyrin. If this acceptor is reduced, illumination at 
5 K produces the triplet state of P840 in all reaction 
centers. Evidence reported in [ 101 indicates that the 
triplet is formed by the radical pair mechanism [ 11, 
121. This suggests the existence of an electron accep- 
tor I, which acts before X1 in the reaction center. 
2. Materials and methods 
Prosthecochloris aestuarii, strain 2K, was grown 
anaerobically in a mixed culture originally known as 
‘ChZoropseudomonas ethykca [ 133 as in [ 141. The 
membrane preparation complex I and the reaction 
center preparations PP and RCPP complex were pre- 
pared as in [7]. Lint-induced absorbance changes 
were measured as in [ 151. ESR experiments were per- 
formed with a Varian E-9 spectrometer, having a re- 
sponse time of 20 ps, as in [ 161. Continuous illumina- 
tion with white light provided by a 1000 W projec- 
tion lamp, filtered by 5 cm water and a Balzers Cal- 
flex C filter or Xenon flashes (duration at half-maxi- 
mum intensity 5 ps) were used as actinic illumination. 
The samples were contained in quartz tubes of 3 mm 
internal diameter. Samples were frozen to 80 K in a 
nitrogen flow cryostat, before freezing to 5 K. Pre- 
ruination with white light of the samples was car- 
ried out in the nitrogen gas flow cryostat (‘high light’ 
conditions, ~350 mW/cmz). In some cases illumina- 
tion was provided through a NG 9,2 mm neutral den- 
sity fnter (‘low light’ conditions, 2 mWlcm2). For 
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Fig.1. (A) ESR spectrum of the reduced electron acceptor X,, measured at 7,16 and 22 K. The spectra are the difference between 
the spectra of the PP complex at fz& = +70 mV and at El, = -420 mV. (B) ESR spectra of the reduced electron acceptor X,, measured 
at 7,16 and 22 K in the PP complex at Eh = -420 mV. The spectra are the difference between the spectra obtained when the sam- 
ple was frozen in the dark and when frozen under ‘low light’ conditions (solid curves) or under ‘high light’ conditions (broken 
curve). The PP complex (A 81 0 = 2.1 mm-’ ) was suspended in 20% sucrose (w/w), 0.025% Triton X-100, 5 mM ascorbate, 5 mM 
phosphate, 50 mM glycine (pH 7.7). The experiment at Eh = -420 mV was done in the presence of 10 mM dithionite and 100 nM 
PMS, flushing the sample with nitrogen gas before cooling. All samples contained 50% glycerol (v/v). The spectra are the average 
of 4-16 scans: modulation amplitude, 20 G; microwave power, 10 mW. 
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measurements at low temperatures the samples con- 
tained glycerol (50% v/v) to prevent crystallization 
upon cooling. 
Low redox potentials in the samples were obtained 
by addition of dithionite, which was added from a 
freshly prepared 0.5 M stock solution in 0.5 M glycine 
(pH 9.5). The redox potential (&) was measured un- 
der anaerobic conditions with a Pt-electrode in a home- 
made cuvette, connected by a salt bridge to a Ag/AgCl 
reference electrode. The samples which were used to 
determine EJ, were identical to those used for the 
optical and ESR measurements, but contained in addi- 
tion 50 PM of the mediators methylviologen, 1 ,l ‘-tri- 
methylene-2,2’-dipyridyl dibromide and l,l’-trimeth- 
ylene-4,4’-dimethyl-2,2’-dipyridil dibromide. The lat- 
ter two mediators were a kind gift of Dr B. Ke, Yellow 
Springs (OH). At Q, > -480 mV methylviologen was 
used; at lower E, the sample contained all 3 mediators. 
3. Results and discussion 
In [ 171 illumination of the PP complex at <120 K 
resulted in the formation of a charge separation be- 
tween P840’, the photo-oxidized primary electron 
donor and X- , an unknown electron acceptor, in 40- 
5% of the reaction centers. In the other half the trip- 
let state of P840 was formed. ESR measurements at 
5 K [lo] showed that P840 is a dimer of BChl a and 
that the BChl a triplet was formed via the radical pair 
mechanism [ 11 ,121, yielding a spin-polarized ESR 
spectrum. 
If the PP complex was frozen in the dark at a redox 
potential (Eh) of t70 mV, -2% of P840’ appeared 
to be irreversibly photo-oxidized at 5 K. The remain- 
ing part of P840’ had a decay time t,,, = 13 ms, pre- 
sumably due to a charge recombination between 
P840’ and X- . After lowering the Eh with dithionite 
to about -420 mV, P840 oxidation was completely 
reversible, probably due to reduction of a secondary 
electron acceptor by dithionite [lo]. Fig.lA shows 
the differences between the ESR spectra of samples 
that were frozen in the dark atEh = -420 and +70 mV, 
respectively. The spectra obtained indicate that the 
component reduced by dithionite is an Fe-S center 
with anisotropic g-values at 1.94 and 1.89, as can be 
most clearly seen in the spectrum obtained at 22 K. 
Lowering the temperature to 7 K leads to broadening 
of the 1.89 peak, resulting in a less well-resolved spec- 
trum. A weak component near g = 2.05 in the spec- 
trum of Xi was largely obscured by a strong back- 
ground signal from the quartz dewar observed at brgh 
microwave power, which produced subtraction arte- 
facts around g = 2.05. Taking into account that in 
-5% of the reaction centers the triplet is formed 
upon illumination, we conclude that in the PP com- 
plex at Eh = +70 mV, electron transfer to this Fe-S 
center, which we call electron acceptor X3, occurs at 
5 K only in -1% of the reaction centers. For com- 
plex I the irreversible component in the photo-oxida- 
tion of P840 at 5 K was -5% at Eh = t70 mV. Again, 
the photo-oxidation was completely reversible at 
Eh = -420 mV. We assume that a Fe-S center similar 
to X3 is responsible for the complete irreversibility of 
P840’ observed in ‘chromatophores’ from Chlorobium 
[5,6]. Apparently, reduction of X3 is progressively 
lost upon the preparation of complex I and the PP 
complex. However, the light-induced ESR signal ob- 
served in ‘chromatophores’ of Chlorobium [5] does 
not appear to result from X;; it may be due to a re- 
duced Rieske Fe-S protein as suggested [6]. 
Under conditions that X3 was reduced by dithionite 
(Eh = -450 mV at pH 7.4) we were able to accumu- 
late another reduced acceptor in the light, when 
N-methyl-phenazonium methosulfate (PMS) was added, 
a fast electron donor to keep P840 reduced. Fig.2 
shows the light-induced difference spectrum at room 
temperature of the PP complex, obtained in this way. 
The spectrum of this component, which we call elec- 
tron acceptor X2, showed a broad minimum at 445 nm 
with shoulders at 400 and 475 nm, which suggests 
that it is an Fe-S center, with a spectrum resembling 
that of the Fe-S center measured in [ 181, using photo- 
system I particles. Methylviologen (10 PM) completely 
abolished the absorbance changes, probably by rapid 
reoxidation of Xi. From the amplitude of the absorb- 
ance changes at 445 nm in saturating light a differen- 
tial extinction coefficient of about 5 mM_r . cm-’ is 
calculated, if the reduction of 1 Fe-S center X*/reac- 
tion center is assumed. The absorbance changes near 
670 and 800-850 nm might be ascribed to electro- 
chromic absorbance changes of BPh c and BChl a, 
accompanying the reduction of XZ. 
At room temperature the photoreduction of XZ 
was completely reversible in the presence of dithionite; 
below -30°C however, the absorbance changes were 
irreversible. This offered the possibility to measure 
the ESR spectrum of XT. In order to accumulate Xi, 
the sample was illuminated with ‘low light’ intensity 
at -5°C for 1 min, followed by rapid cooling to 80 K 
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Fig.2. Absorbance difference spectrum of the PP complex (ABjd = 0.80) due to reduction of the electron acceptor X,. Illumina- 
tion For 3 s with orange light provided by a Schott AL 606 interference filter (0.9 mW/cm’) for the spectral region 670-870 nm 
or with near-infrared prol4ded by a combination of Schott RG 715 and RG 780 ftiters (0.9 mW/cm*) for the region 360-690 nm. 
The samph contained 5 meal ascorbate, 0.05% Triton X-100, IO mM dithionite, 10 g&f PMS, 35 mM phosphate (pH 7.4) and 
catalase, glucose and glucose oxidase to maintain anaerobis. The Eh was about -450 mV. Each point is the average of 4 measure- 
ments. 
in the @ht. Fig.lB (---I shows the difference be- Upon con~~n~u~~ ~ ~~~atio~ or flash excitation 
tween the ESR spectra of the PP complex, obtained at S IS of a smple frozen at Eh = -420 mV and at 
in this way at 7,16 and 22 K and of the same sarnpk ‘low light’ intensity, and which according to our inter- 
frozen in the dark. The spectra confirm our conclu- pretation should be in the state P840 X;X;, no signal 
sion that X2 is an Fe-S center. It shows anisotropic due to P840’ could be detected. The formation of a 
g-values at 1.94 and 1.88, as can be most clearly seen spin-polarized triplet was, however, still observed, 
in the spectrum at 7 K. Like in the case of the spec- which indicated the existence of a more Primary 
trum of X;, a weak signal near g = 2.05 was largely acceptor. This acceptor could be accumulated together 
obscured by subtraction artefacts. The same result with Xi, if the PP complex was illuminated at -5°C 
was obtained when X, was photoreduced in the same and during cooling to 80 K with ‘high’ instead of ‘low’ 
way as an Eh value of about -520 mV at pH 9.5 Xi light intensity. Fig.3 shows the difference between 
was reoxidized upon warming to room temperature in the ESR spectra obtained by freezing under ‘high 
the dark. Lowering of the Eh to about -620 mV at tight conditions and freezing in the dark, measured at 
pH 10.0 resulted in chemical reduction of XZt as t 0 K. The spectrum shows a free radical signal, sym- 
judged from the absence of light-induced absorbance metrically centered at g = 2.0040 C 0.0005 with a 
changes of this acceptor. We therefore assume that 
the E, of X, is close to -560 mV. An ESR spectrum 
peak-to-peak linewidth AHPp = 14-15 C + We assume 
that this spectrum is due to reduction of an electron 
similar to that of X; was obtained [4] in ‘chromato- acceptor X1. Both the g-value and the linewidth sug- 
phores’ of~~~~~~~~~ by chemicai reduction at & = gest that the spectrum of Xi is due to a monomeric 
-590 mV. The spectrum of this component, like that porphyrin anion f t 91. The spectrum is somewhat 
of X;, could only be observed below 20 K, in good broader than that of a free porphyrin anion [ 19,20]. 
agreement with our results. This broadening might, however, be caused by mag 
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Fig.3. ESR difference spectrum at 10 K of the PP complex 
(A 810 = 2.1 mm-‘) at Eh = -420 mV (conditions as for fig.l), 
due to the reduced electron acceptor X,. The spectrum is the 
difference between the spectra obtained when the sample was 
frozen in the dark and when frozen under ‘high light’ condi- 
tions: modulation amplitude, 5 G; microwave power, 0.2 mW; 
av. 4 scans. 
netic interactions with the reduced Fe-S center X2. 
The spectrum of the Fe-S center Xi obtained under 
‘high’ light conditions (fig.1 B, . . .) is somewhat dif- 
ferent from that obtained under ‘low’ light conditions, 
which might be due to interactions with XT. Besides, 
the spectra of fig.1 B suggest some heterogeneity in 
X;. Similar observations have been made with photo- 
system I, where the ESR spectrum of the reduced 
Fe-S center A is modified upon reduction of center 
B [21]. Like X;, X; was reoxidized upon warming up 
in the dark. 
Upon illumination at 5 K of the sample frozen 
under ‘high light’ conditions, i.e., in the state P840 
X;X;X;, no light-induced signals could be detected 
in the g = 2 region. Surprisingly, formation of the 
spin-polarized triplet was still observed, but in an 
amount that was 2-2.5-times the amount formed 
upon illumination of the sample frozen in the dark. 
This suggests that an even earlier acceptor than X1, 
which we call I, is present in the reaction center. Re- 
combination of P840’ and I- then would generate 
the triplet state of P840 by the radical pair mecha- 
nism [ 11 ,121. When the forward electron transport to 
X, is blocked, the triplet state ofP840 would be form- 
ed in all reaction centers instead of in 40-50%, in 
agreement with the observed increase of the triplet 
signal. Optical experiments are in progress to obtain 
more information about the identity of bothX, and I. 
4. Conclusions 
A scheme representing the electron transport chain 
at 5 K in the reaction center of the green bacterium 
P. aestuarii is shown in fig.4. At low temperature, elec- 
trons are irreversibly transferred to X3, an Fe-S center 
with principal g-values at 1.94 and 1.89, with an Em 
value >-420 mV. In the PP complex this electron 
transport occurs only in about 1% of the reaction 
centers. In about 5% of the reaction centers the elec- 
trons do not go further than X2, while in the remaining 
part the triplet state of P840 is formed. The Em of 
x; : porph.?; g : 2.OOL 
AH -14-15 G 
x; : FeSI ; g = 1.9L 
1.86 
x; : FeSn : 9’1.94 
1.89 
dlth. 
dith. 
low Ii< 
\ /” 
/ 
/ 
90 ps 1295Kl 13 Ills 
Fig.4. Schematic representation of the electron transport in 
the reaction center of P. aestuarii at 5 K; r.p.m., radical pair 
mechanism. 
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X, is lower than that of X,, probably about -560 rnV; 
it is an Fe-S center with principal g-values at 1.94 
and 1.88. X; and P840’ recombine with a halftime of 
13 ms at 5 K. Xz can be accumulated in the reduced 
form at ‘low’ light intensity in the presence of PMS 
and dithionite. Accumulation of XT together with Xi 
is achieved upon illumination at -5°C with ‘high light’ 
in the presence of PMS and dithionite. The spectrum 
of X;, withg= 2.0040 f 0.0005 and AH,, = 14-15 G 
suggests the formation of a monomeric porphyrin 
anion radical; optical measurements will have to con- 
firm this hypothesis. If X1 is reduced, only the triplet 
state of P840 is observed upon illumination, formed 
by recombination between P840’ and I-, the primary 
electron acceptor of as yet unknown identity. 
Our results demonstrate quite clearly that the elec- 
tron-transport chain in green bacteria is basically dif- 
ferent from that of purple bacteria, especially at the 
reducing side of the reaction center. This is reflected 
in the capability of direct NAD’ reduction by green 
bacteria [ 1,2], whereas reduction of NAD’ by purple 
bacteria is ATP-dependent [3,22]. Similarities with 
photosystem I of higher plants and algae, which is 
capable of direct reduction of NADP’, are obvious. 
Like the charge separation between P700 and center 
A or B [21], formation of P84O’X; is irreversible at 
5 K. If centers A and B are reduced, formation of 
P700’ is reversible at low temperatures [Zl], similar 
to the formation of P84O’Xx; when X, is reduced. It 
is possible that Xi, which might be a porphyrin, cor- 
responds to A1 in photosystem I 1231. This then would 
suggest hat the oxidation-reduction midpoint poten- 
tials of the acceptors in the reaction center of green 
bacteria are substantially higher (loo-150 mV) than 
those in photosystem I. However, an acceptor more 
primary than Ai has not yet been found in photo- 
system I. 
From our previous paper [IO] on the oxidizing 
side and the present one on the acceptor side of the 
reaction center of P. aestuarii, t appears that the pri- 
mary photoprocesses of green bacteria resemble those 
of purple bacteria, whereas the remaining part of the 
acceptor chain resembles that of photosystem I, a 
situation that would be quite interesting from an evo- 
lutionary point of view. 
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